Abstract A panel of nine hypoxia regulated genes, selected from a previously published fifty gene panel, was investigated for its ability to predict hypoxic ovarian cancer phenotypes. All nine genes including vascular endothelial growth factor A, glucose transporter 1, phosphoglycerate mutase 1, lactate dehydrogenase A, prolyl 4-hydroxylase, alpha-polypeptide 1, adrenomedullin, N-myc downstream regulated 1, aldolase A, and carbonic anhydrase 9 were upregulated in the HEY and OVCAR-3 human ovarian cell lines cultured in vitro under hypoxic compared to normoxic conditions as measured by quantitative reverse transcription polymerase chain reaction (qRT-PCR). The gene panel was also elevated in HEY xenograft tumor tissue compared to HEY cells cultured in normoxia. The HEY xenograft tissue demonstrated heterogeneous positive immunohistochemical staining for the exogenous hypoxia biomarker pimonidazole, and the hypoxia regulated protein carbonic anhydrase IX. A quantitative nuclease protection assay (qNPA) was developed which included the nine hypoxia regulated genes. The qNPA assay provided similar results to those obtained using qRT-PCR for cultured cell lines. The qNPA assay was also evaluated using paraffin embedded fixed tissues including a set of five patient matched primary and metastatic serous cancers and four normal ovaries. In this small sample set the average gene expression was higher in primary and metastatic cancer tissue compared to normal ovaries for the majority of genes investigated. This study supports further evaluation by qNPA of this gene panel as an alternative or complimentary method to existing protein biomarkers to identify ovarian cancers with a hypoxic phenotype.
Introduction
In many tumor types, hypoxia is associated with more aggressive disease and increased resistance to both chemotherapy and radiation therapy [1, 2] . The incidence of hypoxia in primary ovarian tissue, metastatic tumor implants, residual disease, and recurrent disease is poorly characterized. However, many studies have reported on expression of the hypoxia regulated transcription factor hypoxia-inducible factor-1 alpha (HIF-1α) in ovarian tumor tissue, with up to 68 % of ovarian cancer tissues investigated showing positive protein staining [3, 4] . We and others have shown that VEGF, another HIF-1α regulated gene, is also highly expressed in ovarian cancers [5] . VEGF is emerging as an important therapeutic target in ovarian cancer and is the primary mediator of angiogenesis in this patient population [6, 7] . Over-expression of carbonic anhydrase IX (note: CA IX will be used to refer to protein and CA9 will be used to refer to gene expression throughout this manuscript), also HIF-1α regulated, has been reported to be an independent poor prognostic factor in endometrioid ovarian cancer [8] . In high-grade serous ovarian carcinomas, co-expression of VEGF and CA IX protein has been correlated with chemotherapy resistance and decreased survival [9] .
Hypoxia is difficult to accurately measure directly in tumor tissue and requires utilization of an oxygen microelectrode [10] . However, other methods which may reflect the molecular consequences of hypoxia can be used as hypoxia biomarkers [reviewed in [11, 12] ]. Due to the instability of HIF-1α protein and technical problems associated with preanalytical handling of tissue samples, results in the literature using HIF-1α as a hypoxia biomarker are variable and must be interpreted with caution. CA IX is a more stable protein than HIF-1α and is frequently used as a biomarker of hypoxia. But because CA IX can be regulated by constitutive HIF-1α expression and by other transcription factors, its expression level may not always correlate with hypoxia [13] . To predict efficacy of therapies that are directly impacted by the oxygen content of the tumor microenvironment, including radiation therapy and hypoxia activated prodrugs, there is a need for alternative or complimentary approaches for assessing tumor hypoxia.
Hypoxia gene-expression signatures have been investigated in several tumor types including ovarian cancer. Chi J-T et al., 2006 [14] cultured mammary and renal tubular epithelial cells in hypoxia and using DNA microarray identified a hypoxia responsive signature based on 123 genes. This gene signature was applied to 72 ovarian cancers and found to differentiate the cancers into two distinct groups using hierarchical clustering. The two groups identified demonstrated marked differences in survival and relapse-free survival. A sophisticated meta-analysis of multiple cancer types conducted by Buffa et al. 2010 [15] identified a common prognostic hypoxia 50 gene signature using data from head and neck and breast cancer studies. A recent study performed in head and neck squamous cell carcinoma reported on the technical validation of a TaqMan Low Density Array (TLDA) platform that reliably predicted a hypoxia phenotype and was associated with excellent precision and reproducibility [8] .
We performed exploratory quantitative reverse transcription polymerase chain reaction (qRT-PCR) analysis using cell lysates from ovarian cell lines cultured in hypoxia of the top 15 ranked genes in the Buffa et al. [15] analysis plus carbonic anhydrase 9 which was ranked #50 by Buffa et al. [15] . We included carbonic anhydrase 9 because of the wealth of literature on carbonic anhydrase 9 protein expression in ovarian cancers. Of these 16 genes we observed several that showed no hypoxia induction or had poor amplification profiles in the cell culture samples cultured in hypoxia. We chose the top performing 9 genes for further study of the temporal changes in expression in two ovarian cancer cell lines cultured in normoxia or hypoxia using qRT-PCR. We also investigated the same 9 hypoxia regulated gene panel in an ovarian xenograft model and a small set of matched primary and metastatic serous ovarian cancer patient tissues. We also evaluated the expression of these 9 genes in ovarian samples included in the TCGA database. Our study suggests that this small nine gene hypoxia regulated panel may be sufficient to accurately identify hypoxic ovarian tumors and supports the future evaluation of this panel in a larger set of tissues from patients with ovarian cancer.
The large majority of patient ovarian tumor tissues are preserved in formalin and paraffin embedded (formalin-fixed paraffin-embedded; FFPE). Due to the technical challenges involved in performing gene expression studies using qRT-PCR with RNA extracted from FFPE tissue, we sought to identify a more robust analytical method to evaluate the nine hypoxia regulated gene panel. The quantitative nuclease protection assay has been previously demonstrated to perform well using fresh, frozen, or FFPE tissues [16] . We designed a custom multiplex qNPA array containing the 9 hypoxia regulated genes and 4 housekeeper genes. The HEY and OVCAR-3 cell lines grown in hypoxia were analyzed using both qRT-PCR and the qNPA array. FFPE normal ovarian and cancer tissue representative of primary and metastatic sites from five serous carcinoma cases were also analyzed using the qNPA assay. Similar results were observed with both qRT-PCR and qNPA supporting further use of the qNPA assay in larger studies.
Methods

Cell Culture
OVCAR-3 cells were purchased from the American Type Culture Collection (ATCC, Manassas, VA) and HEY cells were purchased from Cedarlane (Burlington, NC). OVCAR-3 were cultured in RPMI 1640 (Cellgro, Manassas, VA) with L-glutamine supplemented with 20 % FBS (HyClone, Logan, UT) and 0.01 mg/ml Bovine Insulin (Sigma-Aldrich, St. Louis, MO). HEY cells were culture in DMEM (CellGro) supplemented with 10 % FBS (HyClone) and 1 % Pen/Strep (Gibco, Carlsbad, CA). Both cell lines were cultured at 37°C and 5 % CO 2 . For hypoxic conditions, cells were grown in a humidified Ruskinn Invivo2 Hypoxia Workstation (Ruskinn, Pencoed, Bridgend, UK) controlled by a Gas Mixer Q (Ruskinn). Oxygen concentrations of 1 and 0.2 % were used as indicated with 5 % CO 2 . For pH studies cells were cultured in media adjusted to pH 6.7 with 20 mM lactic acid and HCl. 
Xenograft Models in Experimental Mice
RNA Isolation
Cell culture samples, xenograft tissue, and patient tumor tissues were homogenized first by pipetting in Buffer RLT Plus (Qiagen) containing 10 μl/ml β-mercaptoethanol (Fisher Scientific). Xenograft tissue was homogenized using Power Gen 125 (Fisher Scientific) tissue grinder. All samples were then sonicated using a Sonic Dismembrator Model 100 (Fisher Scientific). Samples were further homogenized using QIAshredder spin columns (Qiagen) by spinning samples through the column at 16,000×g for 2 min and collecting the flow through. Isolation of RNA from both cultured cells and primary ovarian tissues was performed using the RNeasy Plus Mini Kit (Qiagen) according to manufacturer's protocol. Final RNA elution was performed using 30 μl of RNase-free water. RNA concentrations were determined using a NanoDrop 2000c (Thermo Scientific, Waltham, MA) micro-volume spectrophotometer.
cDNA Synthesis cDNA for RT-PCR was synthesized using the qScript cDNA Synthesis Kit (Quanta Biosciences, Gaithersburg, MD) according to manufacturer's protocol using 200 ng of RNA as template per reaction. Thermal cycler conditions for cDNA synthesis: 1 cycle at 22°C for 5 min, 1 cycle at 42°C for 30 min, 1 cycle at 85°C for 5 min. Seven 20 μl cDNA reactions were made for each ovarian tissue sample or ovarian cell line treatment group and combined to ensure homogenous cDNA template for RT-PCR.
qRT-PCR
RT-PCR reactions were performed using 2x TaqMan universal PCR Mastermix (Applied Biosystems, Branchburg, NJ), 20x TaqMan Gene Expression Assays (Applied Biosystems), which contain both the target primers and probe, and 2 μl of cDNA template were used per reaction according to manufacturer's protocol. Each Fam-labeled gene of interest was analyzed in triplicate and multiplexed with the primer-limited, VIC-labeled control gene beta-2-microglobulin (B2M) as an endogenous control. RT-PCR amplification reactions were performed using an ABI Prism 7000 Sequence Detection System (Applied Biosystems). Cycling conditions for RT-PCR: 1 cycle at 50°C for 2 min, 1 cycle at 95°C for 10 min, 40 cycles at 95°C for 15 s followed by 60°C for 1 min. A triplicate of a bridging sample probed for peptidylprolyl isomerase A (PPIA) was run with every plate to ensure amplification consistency across different PCR plates and runs.
PCR Data Normalization
Relative gene expression was determined using the 2 -ΔΔCT method as described by Livak and Schmittgen, 2001 [17] . In each well, the VIC-labeled B2M control was subtracted from the Fam-labeled target gene to generate ΔCT values for each.
Triplicate ΔCT values for each target gene were averaged together to yield one ΔCT value and a standard deviation for each target gene. ΔCT values for each gene from the control group were subtracted from the corresponding gene ΔCT values from the experimental group to yield ΔΔCT values for each gene. ΔΔCT values for each gene were then analyzed using the formula 2 -ΔΔCT . This formula yields gene expression of the experimental relative to the control group, which is defined as 1 for all genes. For hypoxia treated ovarian cell lines, gene expression of the hypoxia treated group is the experimental group shown relative to normoxic cells for the same time point. Frozen patient ovarian cancer tissue was considered the experimental group and cultured normoxic HEY cells (4 h time point) were designed the control group. The upper and lower limits of error bars for each gene were calculated by adding or subtracting the standard deviation of the experimental group to the corresponding ΔΔCT value for that gene, then using the new values in the 2 -ΔΔCT formula. To determine outliers in the triplicate analysis to be removed from final data analysis, several parameters were employed. Genes were flagged if the standard deviations of the target and control genes differed by a value greater than or equal to 0.3. If one value in either the target or control triplicate differed from the next value by 0.5 cycles or more, without the same change seen in the other gene analyzed in that well, the entire replicate (target and control gene) was removed from data analysis. Replicates were also removed from data analysis if both the target and control gene differed from the average of the other 2 values in the triplicate by a value of 0.6 cycles or more, as cDNA loading in this well was considered inaccurate.
Analysis of Hypoxia Regulated Genes in the Ovarian Data Set from the Cancer Genome Atlas
Gene expression datasets with correlated clinical annotation was downloaded from The Cancer Genome Atlas (TCGA) for expression analysis of the nine hypoxia regulated gene panel. Data was analyzed using BioConductor modules (http://www. bioconductor.org). BioConductor affy module was used to perform background subtraction and quantile normalization using the Robust MultiChip Algorithm (RMA). Quality control analysis was done on the chips that included correlation plots, density plots, box plots and RNA degradation analysis. When multiple probes existed for a gene they were averaged. Eight normal ovary tissues and 569 primary serous ovarian cancer (mostly grade 3) samples were analyzed from this dataset for the nine hypoxia regulated genes. Log values for normal and primary cancer samples were plotted to illustrate differential expression between the sets. Further analysis of variance (ANOVA) analysis was done to assess significance of the differential gene expression in the TCGA dataset. Bioconductor limma module was used to estimate variance and p value of ≤0.05 was considered statistically significant. Limma analysis provides an empirical Bayesian technique to improve variance estimation and corrects for multiple hypothesis testing by the Benjamini Hochburg False Discovery Rate method.
qNPA Sample Preparation and Analysis
Cells were cultured in 6-well tissue culture coated plates. Culture media was removed and cells were directly lysed using pre-warmed HTG Lysis buffer (HTG Molecular Diagnostics). Lysis buffer (250 μl) was used to lyse one well of 6-well plate containing cell culture samples and 1000 μl was used to lyse patient tissue samples (an average of ten 5 μm sections were used but number was dependent upon size of the tumor section). Samples were homogenized by micropipetting, vortexing for 10 s, and heating at 95°C for 15 min. Samples were stored at −80°C and shipped to HTG Molecular Diagnostics for analysis according to methods previously described [16] ] using a custom hypoxia gene array. Housekeeper genes for the custom array were selected by analyzing lysates from HEY and OVCAR-3 cells cultured in normoxia and hypoxia using a qNPA housekeeper array containing 92 potential housekeeper genes. Four housekeeping genes which were stable under hypoxia conditions, (PPIA, ribosomal protein L38 (RPL38), ribosomal protein 19 (RPL19), and ribosomal protein lare P0 (RPLP0), were selected for inclusion on the custom array. Each sample was analyzed in triplicate. Gene intensity values were normalized to housekeeper genes as previously described [16] . Average gene intensity values for each treatment group were divided by average gene intensity values of control treatments to give a relative fold change in expression value.
Statistical Analysis
Statistical analysis of gene changes regulated by culturing in normoxic vs hypoxic conditions was assessed by ANOVA with Tukey adjustment for multiple comparisons.
Results
Hypoxia Regulated Gene Panel Expression in Ovarian Cell Lines Cultured in Normoxic vs Hypoxic Conditions
The nine genes selected for the hypoxia regulated gene panel are described in Table 1 . Fig. 1 .
Hypoxia Biomarker Assessment in HEY Intraperitoneal Xenograft Tumors
To assess if the HEY ovarian intraperitoneal xenograft tumors have a fraction of cells that are hypoxic, we injected HEY cells into the intraperitoneal cavity of nude mice and hypoxia biomarkers were measured after 21 days of growth (Fig. 2a) . One representative tumor implant was examined from each mouse (N=3). H&E stains were performed on each sample to confirm the tissue studied had measurable tumor cells. To assess the hypoxic fraction in each tumor, pimonidazole was administered to mice 4 h prior to euthanasia. Anti-pimonidazole staining was performed. Pimonidazole (1- [18] for a review of bioreductive hypoxia biomarkers]. IHC analysis and scoring of percent area stained demonstrated an average hypoxic fraction of 30 % in xenograft #1, 40 % in xenograft #2, and 15 % in xenograft #3. Staining was heterogenous across each tumor section as shown in Fig. 2a . CA IX is another commonly used protein biomarker for hypoxia since it is regulated by HIF-1α and is more stable than HIF-1α. CA IX is frequently used in conjunction with pimonidazole staining to assess hypoxic status of tumor tissue [19] . CA IX expression was measured by IHC and scored by a board certified pathologist as described in the Methods. Staining for xenograft #1 was 90 % stained with a score of 270, xenograft #2 was 100 % with a score of 250, and Gene function as provided in GeneCards (www.genecards.org) is summarized and selected citations referring to gene protein products in ovarian cancers are referenced xenograft #3 was 90 % stained with a score of 300. Together these studies suggest that HEY xenograft tumors have a high fraction of hypoxic regions.
Hypoxia Regulated Gene Panel Expression in HEY Intraperitoneal Xenograft Tumors
Hypoxia regulated gene expression was compared in HEY xenograft tumor tissue vs HEY cells cultured in normoxia using qRT-PCR (Fig. 2b) . When compared to HEY cells cultured in normoxia for 4 h there was a greater expression of all genes in the panel in the xenograft tissue, with the highest expression (xenograft gene expression/cells cultured in normoxia) observed in VEGFA, P4HA1 and CA9.
Hypoxia Regulated Gene Panel Expression Measured by qRT-PCR in Patient Primary and Metastatic Cancers
In order to ensure that the expression of the hypoxia regulated genes investigated in the two cell line models were also detectable in ovarian cancer samples, we isolated RNA from frozen tissue (both primary and metastatic lesions) obtained from five subjects with metastatic high grade serous ovarian cancer. When gene expression from the primary ovary were compared to HEY cells cultured in normoxia for 48 h (Table 3) , hypoxia regulated gene expression was increased for 8 of 9 genes, with VEGFA (P=<0.0001), P4HA1 (P= 0.003) and CA9 (P=<0.0001) having the highest elevations. Although SLCA1, PGAM-1, ADM, NDRG1, and ALDOA showed elevated expression in some samples, these gene expression levels were not found to be statistically different from HEY cells cultured in normoxia. Interestingly, LDHA showed lower expression in ovarian samples compared to HEY cells Hypoxia can be heterogeneous and cyclic in nature. To explore the heterogeneity in expression of the nine hypoxia regulated genes in publically available datasets, we used the cDNA microarray data in the TCGA. A broader range of expression values were observed for tumor tissue compared to normal ovary for all nine genes (Supplemental Fig 1) . We also investigated whether there was a significant difference in expression values for the nine hypoxia regulated genes in normal ovarian tissue vs ovarian tissue. VEGF-A, SLC2A1, LDHA and CA9 were all significantly different between normal ovary tissue and primary cancer tissue (Table 4) . Analysis of variance showed all four of these genes as having a p value <0.05 but VEGFA was the most significantly varying gene among the nine genes. There were only 8 normal ovary tissues reported on in this data set as compared to 569 primary cancer tissues. Therefore, results obtained from this data set must be cautiously considered.
Evaluation of a Multiplex qNPA Assay to Measure the Hypoxia Regulated Gene Panel
We designed a custom multiplex gene qNPA assay consisting of 38 total genes, including the 9 hypoxia regulated genes, and four housekeeper genes. For the purpose of the current study we only analyzed these 13 genes. The other 25 genes will be reported on in a different study. We compared a subset of ovarian cancer cell line samples for qNPA prepared in parallel with samples used for evaluation by qRT-PCR (the samples reported on in Table 2 ). Similar changes in gene expression in cells cultured in normoxia compared to hypoxia for 48 h were observed on the qNPA array as for qRT-PCR (Table 5) . Similar expression values (data not shown) were also observed at the other timepoints and oxygen conditions evaluated by qRT-PCR in Table 2 . It should be noted that gene primer sequences were not the same between assays and relative expression was calculated using different methodology. Therefore, we did not do formal statistical analysis to directly compare values for each gene across platforms. However, confidence intervals were calculated.
Culture in Acidic Media Does not Impact Expression of the Hypoxia Regulated Gene Panel
Growth under hypoxic conditions is often associated with a decreased extracellular pH (pHe) due to an increase in glycolytic metabolism which generates lactic acid [20] . To determine if acidic growth conditions impact the expression of the hypoxia regulated gene panel used for this current study, we cultured HEY and OVCAR-3 cells in neutral (pH 7.3) media and in media 20 mM lactic acid pH'd to 6.7. Using the qNPA assay we investigated the 9 hypoxia regulated genes and as a positive control, we investigated the gene expression changes of thioredoxin interacting protein (TXNIP) (also included on the qNPA array) which has been previously shown to be modulated by acidic conditions [21] . Growth in media at 20 mM lactic acid pH 6.7 resulted in minor, non-significant, changes in gene expression in the hypoxia regulated genes. At isolated time points there were increases in GLUT1, NDRG1, and [15] . We evaluated a time course for gene induction representing acute (4 h) and chronic (48 h) culture in hypoxic conditions. We also evaluated the changes in gene expression in cells grown in moderate hypoxia (1 %) and severe hypoxia (0.2 %). Although the magnitude of gene expression changes was variable across growth conditions and time, all nine genes were upregulated by growth in hypoxia. The elevation of these genes in HEY xenograft tissue compared relative to HEY cells cultured in normoxia was consistent with expression of the exogenous hypoxia biomarker pimonidazole and expression of CA IX, a hypoxia regulated protein.
In high grade serous ovarian cancer tissues, we observed a heterogeneous range of expression values for the genes evaluated. However, VEGF-Awas one of the consistently elevated genes across both primary and metastatic cancer tissues analyzed by qRT-PCR and qNPA. VEGF gene expression was also significantly higher in cancer vs normal tissues including the TCGA data set investigated which included a broad mix of tumor subtypes. Given the multiple studies in the literature demonstrating the prognostic and therapeutic significance of VEGF-A protein expression in ovarian cancers these findings are not surprising. However, VEGF-A gene expression can be regulated by multiple factors in addition to hypoxia and therefore its expression must be considered in context with expression of other hypoxia markers.
Tumor acidosis is a feature of the microenvironment which is commonly spatially and mechanistically related to hypoxia and angiogenesis [22] . The expression of the nine hypoxia regulated genes investigated in this study appears to be regulated independently of lactic acidosis in the HEY and OVCAR-3 cell lines. However, lactate has been shown to activate HIF-1α in cells with oxidative but not Warburgphenotypes [23] . Therefore, it is possible that the HIF-1α target genes included in our hypoxia gene panel could be regulated in some tumors by lactic acid in addition to hypoxia.
Hypoxia is cyclic and heterogeneous across tumor tissue and is influenced by tumor perfusion and oxygen consumption rates. The differences in hypoxia between primary and metastatic sites are not well characterized in ovarian tumors. Differences in copy number variation and metabolic profiles for matched ovarian primary and peritoneal metastasis [24, 25] have been recently reported. Both of these studies suggest that there are important differences between primary and metastatic tissue that may inform the pathobiology of carcinogenesis and microenvironmental influences. In the small set of patient tissues we analyzed we did not observe significant differences between different metastatic tissues analyzed from individual patients. However, these factors must be considered in future clinical evaluation of hypoxia biomarkers in ovarian cancer, including gene expression signatures. Understanding the potential for variability (tumor heterogeneity) across sampling locations will be important for developing optimal tissue sample collection strategies.
In order to more easily explore the prognostic and predictive potential of this hypoxia regulated gene panel a much larger set of clinical samples will need to be evaluated and compared to traditional protein biomarkers of hypoxia. There are advantages of utilizing a panel composed of only nine genes, including the ease of measurement, analysis, and ability to cross-validate observations with protein expression. Our study demonstrates the technical feasibility of the multiplex qNPA assay for the nine gene hypoxia signature for analysis of clinical samples, which are most frequently formalin fixed and paraffin embedded. The qNPA assay does not require RNA extraction or amplification and can be performed using an automated platform. Our study supports further investigation of the nine gene hypoxia panel measured using the qNPA multiplex assay to explore the hypoxia phenotype in ovarian cancers.
